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Background: The morphology of spermatozoa is a fundamental aspect to consider in fertilization, sperm pathology,
assisted reproduction and contraception. Head, neck, midpiece, principal and terminal part of flagellum are the main
sperm components to investigate for identifying morphological features and related anomalies. Recently, scanning
near-field optical microscopy (SNOM), which belongs to the wide family of nanoscopic techniques, has opened up
new routes for the investigation of biological systems. SNOM is the only technique able to provide simultaneously
highly resolved topography and optical images with a resolution beyond the diffraction limit, typical of conventional
optical microscopy. This offers the advantage to obtain complementary information about cell surface and
cytoplasmatic structures.
Results: In this work human spermatozoa both healthy and with morphological anomalies are analyzed by SNOM, to
demonstrate the potentiality of such approach in the visualization of sperm morphological details. The combination of
SNOM topography with optical (reflection and transmission) images enables to examine typical topographic features of
spermatozoa together with underlying cytoplasmic structures. Indeed the head shape and inner components as
acrosome and nucleus, and the organization of mitochondria in the midpiece region are observed. Analogously for
principal tract of the tail, the ridges and the columns are detected in the SNOM topography, while their internal
arrangement can be observed in the corresponding SNOM optical transmission images, without requiring specific
staining procedures or invasive protocols.
Conclusions: Such findings demonstrate that SNOM represents a versatile and powerful tool to describe topographical
and inner structural details of spermatozoa simultaneously. This analysis could be helpful for better characterizing
several morphological anomalies, often related to sperm infertility, which cannot be examined by conventional
techniques all together.
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Conventional semen parameters such as sperm concen-
tration, motility and morphology are generally used to
assess male fertility [1-3]. However, a significant percent-
age of males with normal semen parameters, according
to WHO guidelines [4], fails to conceive [5]. In these
cases, the presence of ultrastructural defects could be* Correspondence: zweyer@units.it
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unless otherwise stated.hypothesized [6-11]. Several morphological studies have
been carried out to define the normal form of sperm
(see reference [9] for review) and the last WHO semen
manual provides objective criteria to assess the sperm
morphology [4]. However, there are many factors that
may influence the results of the morphology assessment,
including the technician’s concept of the definition of
normality [12,13] and the staining procedures [14,15].
The most common technique to assess sperm morph-
ology is conventional optical microscopy (OM), usually
performed on fixed and stained specimens. In this case,. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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limited to micron resolution (0.2 μm: Abbe diffraction
limit). Moreover, it has been shown that different stain-
ing techniques may cause not uniform changes in sperm
head dimensions [15]. To reduce the subjectivity of
sperm morphology assessment, computer-assisted sperm
morphometry analysis (CASMA or ASMA) have been
developed in the ‘90s [16,17]. Subsequently, this analysis
has been improved by using special objectives for relief
contrast observation [18]. A further progress has been
achieved by combining fluorescence microscopy and
image analysis with open-access software [19,20]. This
method allows automatic determination of sperm morph-
ometry in a reduced time [19,20]. To avoid artefacts in-
duced by fixation and staining, a new optical technique
(Trumorph system) has been recently described [21]. This
technique allows the analysis of living unmodified sperm-
atozoa that are immobilized in narrow chambers and ex-
amined by negative contrast phase microscopy [21]. In the
last decades, other fundamental studies have been carried
out by transmission and scanning electron microscopies
(TEM and SEM), which have enabled to detect ultra-
structural details and have provided a huge amount of
information concerning morphological organization of
spermatozoa [22-25]. However, SEM imaging usually
needs harsh sample preparation as drying at critical
point, metal coating and vacuum environment (during
coating procedure and measurements) that may modify
some structural features of cells. Analogously, complex
preparation of specimens (as resin embedding and sec-
tioning by ultramicrotomy) are required for performing
TEM imaging, which provides two-dimensional view of cell
internal arrangement. Recently scanning probe microscopy
(SPM) techniques have been exploited to improve the
knowledge of spermatozoa morphology. Particularly,
atomic force microscopy (AFM) has allowed investigating
the topography of spermatozoa with nanometric reso-
lution and without needing invasive sample preparation
[26-29]. Moreover, either fixed or living cells can be imaged
by this technique. Among scanning probe microscopies
(SPM), scanning near-field optical microscope (SNOM) has
been demonstrated to be a powerful and versatile tool for
the observation of biological samples [30,31]. As in
AFM, a sharp probe scans the sample surface to generate
a topographic image with similar resolution and sensitivity
[32]. The SNOM probe consists of a tapered optical fibre
that scans the surface and acts as a point light source with
a subwavelength-aperture at the terminal part [32,33],
which creates a near-field light that decays exponentially
with the distance of 100 nm and carries highly localized
information [34]. As result, subdiffraction resolution
optical images (reflection, transmission, back-reflection
and fluorescence) and high-resolution (nanometer level)
topographic image are simultaneously generated. Suchtechnique has been successfully applied for the investi-
gation of cell membranes at molecular level [35-38],
subcellular structures [39,40], thin-sections [41] and
chromosomes [42]. In the present work, we exploit the
advantage of SNOM technique to describe simultaneously
different superficial and internal morphological details of
human spermatozoa from normozoospermia and terato-
zoospermia, without needing invasive or expensive sample
preparation.
Results and discussion
Morphological analysis of the sperm structures provides
relevant information, necessary part to clinical data to
evaluate the ability to fertilization. Numerous cellular
structures characterizing the spermatozoa have been elu-
cidated thanks to SEM and TEM studies at ultrastructural
level, and more recently by AFM at nanometer scale. In
this study, the potentialities of SNOM have been exploited
to investigate the morphology of fixed human spermato-
zoa deriving from samples of patients with normozoosper-
mia and teratozoospermia.
SNOM microscopy offers many distinct advantages
over other approaches: it is non-destructive and the
sample preparation is simple and inexpensive. SNOM
technique exploits the properties of the evanescent
field that exists only near the surface, between the
probe (optical fibre) and the sample (Figure 1). The
probe consists of a single mode tapered optical fibre
metal coated with an aperture having a diameter of
50–100 nm at the end of the fibre (Figure 1A). This
small aperture, brought at nanometer distance (about
10 nm) from the sample, creates an evanescent compo-
nent of the incident light whose intensity decays exponen-
tially and allows obtaining optical images with a resolution
that overcome the diffraction limit (λ/2) (Figure 1B). The
fibre, positioned within few nanometers from the sample
surface, is scanned parallel to the surface and the x,y,z
data at each point are acquired. The fibre is attached to a
tuning fork that oscillates at its resonance frequency; such
amplitude can change upon interaction of the probe with
the sample during scanning. Hence, a feedback system
regulates the probe-sample distance to maintain constant
the oscillation amplitude and the probe-sample distance.
As a result, an accurate three-dimensional map of the spe-
cimen down to the nanometer level can be obtained. This
real topographical map of the sample surface, as for AFM,
allows measuring the height profile (i.e. vertical size) of
the structures investigated [30]. Simultaneously, the light
delivered by the fibre that hints the sample locally is
scattered (reflected) or adsorbed according to the differ-
ent optical properties of the structures encountered.
The light reflected from sample surface is collected by
an upper detector, while that transmitted one (i.e. the
light that pass through and not adsorbed by the sample)
Figure 1 A schematic representation of SNOM instrumentation and working principle. (A) SEM image of a SNOM probe: apical part of a
metal coated tapered optical fibre with aperture at the end (bar 200 nm); (B) the small aperture of the optical fibre is held in close proximity of
the sample surface and the local light interaction creates near-field used to reach high resolution, overcoming the optical diffraction limit; (C) the
position of fibre, the location of reflection and transmission detectors as respect to the scanned sample are shown.
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ple (Figure 1C). These detectors generate SNOM re-
flection and transmission images simultaneously with
high optical resolution in xy axes (<100 nm) higher
than conventional optical microscopies (i.e. confocal,
phase contrast, differential interference contrast) [39,40].
As result, SNOM allows us to detect simultaneously dif-
ferent signals:
1) Topography: it is an accurate real three-dimensional
image of the sample surface. The acquisition of
signals in x,y,z axes allows measuring surface details
at nanometric level. Differently from traditional
microscopies (2D methods), SNOM produces a
real 3D topography image, since z dimensions are
directly measured point by point on the vertical
axis, analogously to AFM images.
2) Optical reflection: the SNOM reflection image
derives from local interactions between near fieldlight and the surface of the specimen, in particular is
due to the light scattered from a thin layer within
30–100 nanometers below the sample surface
(depending on tip aperture). Hence this image
provides mainly morphological information regarding
structures immediately below the sample surface.
3) Optical transmission: the light transmitted through
the whole thickness of the specimen and not adsorbed
by the sample produces the SNOM transmission
image. In conventional optical microscopy the entire
sample is illuminated. On the contrary, in near-field
the light interacts locally, producing signals point by
point to reconstruct a whole image of the scanned
area. Hence, SNOM imaging is quite similar to
traditional optical transmission imaging, but its
lateral resolution is more than 10 times higher.
SNOM optical reflection and transmission images can
put into evidence the organization of cellular structures
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immediately below) or internal ones (i.e. cytoskeleton,
nucleus, mitochondria). Therefore together with the top-
ography they can provide a complete picture of the cell
morphology.
Before SNOM imaging the semen was purified from
other cells and agglomerated proteins to reduce the
amount of impurities that can deposit on glass cover
slip together with sperm cells. This is an important as-
pect to get high quality SNOM images and avoid that
tip gets dirty during scanning the surface. Moreover,
the sequence of purification, fixation and drying proce-
dures, used for SNOM imaging, did not cause remark-
able cell damaging that could lead to the formation of
artefacts.
As a matter of fact, sperm were firstly fixed, then par-
tially dehydrated with alcohol and dried just before im-
aging. This procedure should minimize the morphological
artefacts, since they mainly appear when cells are dried
before fixation [43,44].
To have a clear and immediate picture of the peculiar
structures of the spermatozoon, we report in Figure 2 a
sketch where the position of such structures is illustrated:
head, acrosome, neck, midpiece, anulus, mitochondria
that elicoidally surround the axoneme, principal and ter-
minal part of the tail with ultrastructural details (dense
fibres and axoneme).Figure 2 Spermatozoa morphology. Sketch illustrating the sperm cellula
Morfogenesi - Processi Molecolari - Aspetti Clinici di M. De Felici et al., PiccIn Figure 3 a reconstruction of a single sperm imaged
by SNOM is shown. Figure 3A displays the SNOM top-
ography of the main regions of a sperm cell head, neck,
midpiece, anulus, principal and terminal part of flagel-
lum, while SNOM optical reflection and transmission
are shown in Figure 3B and C, respectively. The optical
images point into evidence that each single region of the
sperm has different optical contrast along the cell, likely
due to different optical density of the cell structures.
SNOM optical reflection images are shown only for the
head and principal part, since the rest of the flagellum
did not highlight any optical reflection signal.
The analysis of the topographical image is shown in
Figure 3D and E. Figure 3D shows a longitudinal profile
of the midpiece, between the head and anulus along the
red arrow direction of Figure 3A. The profile points into
evidence four bumps (indicated by the black arrows),
which likely are due to the presence of mitochondria
helicoidally surrounding axonema (Figure 2), as also ob-
served in previous AFM work [26]. The total length of
this region is found to be 4.5 μm in accordance with the
range of values obtained in literature [26]. In Figure 3E
horizontal cross section profiles taken on the different
part of the sperm are shown (white arrows in Figure 3A).
These data display the difference in height of the tail:
profile 1, made in the initial part of the midpiece provides
height of 450 nm; profile 2, in midpiece region height ofr structures as modified from text book “Embriologia Umana”
in. Gentle permission.
Figure 3 Reconstruction of a human spermatozoon as imaged by SNOM. (A) SNOM topography, (B) SNOM optical reflection and (C)
transmission images. (D) Longitudinal profile of midpiece along the red arrow, black arrows indicate bumps on cell surface, (E) horizontal cross
section profiles starting from the initial part of the midpiece up to the end of the flagellum as obtained in the regions indicated by the white
arrows 1, 2, 3, 4, 5, 6.
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The rest of the flagellum in three points is measured as
shown in Figure 3A: profile 4, height of 120 nm; profile 5,
height of 90 nm; profile 6, height of 70 nm. These results,
in agreement with literature reported values, point out
that the scanning of the spermatozoa by SNOM probe
does not introduce artifacts and does not damage cell in-
tegrity [26,29].
Afterward, we closely analyze all parts of the spermato-
zoon. A representative SNOM image acquired on the
midpiece region is shown in Figure 4. In this case the top-
ography (Figure 4A and B) shows structural superficial
features at higher resolution respect those previously de-
scribed. The SNOM optical reflection image in Figure 4C
shows differences in optical contrast between the external
region of the cell (bright area in the reflection image) and
the inner region of the cell (dark in the reflection image).The external bright area mainly involves cell membrane
and the cytoplasm region placed immediately beneath. In-
stead the SNOM optical transmission image (Figure 4D)
shows that along the longitudinal axis the midpiece region
appears brighter than the rest of the principal part of the
spermatozoon. This variation in optical contrast is indi-
cated by the white arrow. In this area some bright ovoid
elements can be distinguished (see red arrows) having a
length of 0.3-0.5 nm as evaluated by longitudinal profile
(Figure 4E), which likely correspond to the mitochondria
helicoidally distributed around the axoneme. Moreover,
additional discontinuities can be observed as indicated by
the arrowheads: the first is in the middle of the midpiece
where mitochondria could be not tightly packed, while the
second point, close the neck, can identify the different
inner organization between midpiece and neck. These
data suggest that SNOM optical imaging can allow
Figure 4 A zoomed scan area of the midpiece of a human spermatozoon. (A) SNOM topography, (B) 3D representation of the topography,
(C) SNOM optical reflection and (D) SNOM transmission. The white arrow in (D) indicates the point where a marked variation in optical contrast
along the spermatozoon can be detected. The red arrows in (D) indicate the area with ovoid elements where mitochondria are located as
illustrated in the sketch of Figure 2. (E) longitudinal profile from arrow 1 to arrow 2. Arrowheads indicate additional discontinuities.
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ponents thanks to their different optical density.
In Figure 5, a closer SNOM imaging of the sperm head
is shown. Figure 5A and B display the SNOM 3D repre-
sentation (A) and topography (B) of the head. In Figure 5C
the head longitudinal profile provides a length of 5.2 μm,
in agreement with the range of values obtained in litera-
ture with the size of integral sperm head [15,26,45-47].
Head appears flattened on the frontal part (250 nm on
average in thickness) respect to the back (950 nm). The
analysis of head shape has been taken into account in pre-
vious AFM characterization, performed in physiological
condition, where the head shape of healthy sperm is com-
pared to that observed in globozoospermia disease [29],
which is a pathology consisting in round acrosomeless
head leading to infertility [48,49]. In this case the differ-
ences of sperm head profiles in the presence and in the
absence of acrosoma is investigated. In our case the front
head depression can be ascribed to the partial dehydration
process following the fixation procedure. This feature, also
observed in other AFM investigation performed in air on
fixed spermatozoa, does not cause structural variations of
the head [29]. In the SNOM reflection image (Figure 5D)
a bright layer surrounding the head can be observed. This
bright layer, that appears more evident in the SNOMtransmission image (Figure 5E), could be ascribed to
region between the plasma membrane and the external
nuclear envelope membrane including the acrosome
vesicle, which is a cap-like structure partially surrounding
the nucleus as indicated in the sketch of Figure 2. In
Figure 5F, the two arrows indicate that this bright ex-
ternal layer cover only 2/3 of the head, while the rest is
a very dark external part (see also Figure in Additional
file 1). The thickness (i.e. width) of this bright layer,
evaluated by horizontal cross section profile along the
white line, is found to be 230 nm (as evaluated at half width
of the maximum height) (see also Figure in Additional
file 1). Moreover in these images, immediately below the
acrosomal vescicle, the nucleus can be also recognized.
A high magnification imaging of the principal piece is
shown in Figure 6. In Figure 6A red arrows indicate a
series of lateral thin bumps that likely can be ascribed to
the transverse ribs (sketch of Figure 2). Moreover, in this
topography image a longitudinal ridge can be observed
(white arrow), which can be attributed to the longitu-
dinal column illustrated in the sketch of Figure 2. This
feature can be recognized also in the SNOM transmis-
sion image of Figure 6C, where the difference in optical
contrast allows following the column position within the
tail. In this case the SNOM reflection image (Figure 6B)
Figure 5 SNOM image of the head and midpiece of a human spermatozoon. (A and B) SNOM 3D representation and topography, (C)
longitudinal profile along the head as shown by the white line in (A); (D) SNOM optical reflection and (E) transmission. In (D) black arrows
indicate the presence of a faint bright layer around the head, this layer is well-defined and its ends are indicated by the red arrows, while white
arrow indicates the nuclear region. In (F) horizontal cross section profile along the white line that allows evaluating the width of the bright layer
around the head.
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trast. These structures may be positioned in the tail likely
more deeply than 50–100 nm below the cell membrane,
and consequently undetectable by reflection, as already
described for SNOM reflection imaging [39].
To understand the potentiality of SNOM technique,
imaging is also performed on spermatozoa having mor-
phological anomalies. Figure 7 displays SNOM images
acquired on anomalous sperm cells. In this case we take
into consideration two sperm anomalies: double tail and
coiled tail. In double tail sperm the SNOM topography
image shows a head with a reduced acrosome area and a
very large post-acrosome area (Figure 7A red arrow). This
aspect seems to be also detectable in SNOM reflectionFigure 6 SNOM image of the principal part of the human sperm tail. (A
structures one after another along the tail; (B) SNOM optical reflection a
longitudinal structure.image where a limit between a vescicle-like-structure of
the head rostral part and the remnant predominantly
component can be observed (red arrow of Figure 7B).
In the SNOM topography the midpiece is also well dis-
tinguishable (Figure 7A and D) and the blue arrowhead
highlights the transition to the principal part of the
two emerging flagella (Figure 7A). In the correspond-
ing SNOM optical reflection and transmission images
the ovoid elements distinguishable in the case of
healthy sperm are poorly delineated and the internal
part appears to have an irregular organization as com-
pared to healthy one (white arrows Figure 7B, C, E and F).
These images suggest that a defective mitochondria
organization could be present.) SNOM 3D topography, red arrows indicate the cross circumferential
nd (C) transmission, where the white arrow indicates a bright
Figure 7 Human spermatozoa having morphological anomalies as imaged by SNOM. (A) 3D SNOM topography of two tail spermatozoa:
blue arrowhead indicates the end of midpiece, while red arrow indicates the end of post-acrosome area. (B) SNOM optical reflection and (C)
transmission images. (D) 3D SNOM topography of a zoomed scan area of midpiece region together with SNOM reflection (E) and transmission
(F) images. (G) 3D SNOM topography of a coiled sperm and corresponding SNOM optical reflection (H) and (I) transmission images.
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(Figure 7G) shows that the midpiece region consists of
repetitive structures. Such arrangement can be also de-
tected in the SNOM optical reflection image likely re-
lated to an arrangement of the membrane and the layer
immediately below (Figure 7H). Whereas in the SNOM
optical transmission image, due to the overlapping of
the coiled tail, it is difficult to detect and describe single
components (Figure 7I).
Conclusions
In summary, we demonstrate that SNOM technique en-
ables to describe the cell surface and the arrangement of
the spermatozoa internal structures both in healthy and
anomalous sperm by acquiring topographic and optical
(transmission and reflection) images simultaneously.
These structural details of spermatozoa can be detectedby using rapid, inexpensive and non-harsh procedures
for sample preparation. Specifically, the acrosome region
located around the head is revealed and evaluated by
SNOM optical transmission images. Analogously, the
surface of midpiece region can be observed together
with the organization of the mitochondria below the
plasma membrane, also in comparison with cell present-
ing anomalies as the spermatozoon with two tails. Indeed
in such case SNOM optical images suggest different
organization of mitochondria. Finally the organization and
arrangement of circumferential ribs and longitudinal col-
umn could be followed below the cell surface thanks to
SNOM optical transmission images. This capability can be
considered very interesting and useful also for the study of
morphological and structural characteristics related to
other anomalies as for instance: round acrosomeless
sperm head that lead to infertility [48,49]; pathologies that
Andolfi et al. Journal of Nanobiotechnology  (2015) 13:2 Page 9 of 11involve the mitochondria (number and assembling), which
usually lead to reduced sperm motility [50], flagellum ab-
normalities. [51-54]. Moreover, SNOM may be very help-
ful also in male contraception investigations, when sperm
damages are intentionally provoked [55-57].
In conclusion SNOM can represent a very promising
tool to analyze at high magnification (down to nanometer
scale) the morphology of cell membrane and underlying
structures both in normozoospermia and teratozoosper-




Ten semen samples from men undergoing routine in-
fertility investigations were obtained. Semen samples
were collected by masturbation into sterile containers
after 3–6 days of sexual abstinence. After complete
liquefaction, routine morphological semen analysis was
performed using an optical microscope according to
World Health Organization guidelines [4] and the morph-
ology was evaluated by precoloured slides Testsimplets®
Waldeck-Muenster/Germany. Five samples showed nor-
mozoospermia and five samples displayed teratozoos-
permia, according to WHO 2010 criteria [4]. In order to
test semen quality a leukocyte count was carried out by
using standard peroxidase test, as described in the
WHO laboratory manual. Leukocytospermia was defined
as the presence of >1 × 106 leukocytes per milliliter of
semen. For the detection of antisperm antibodies the
reagent kit SpermMar® IgG Test from FertiPro N.V.
(Sint-Martens-Latem, Belgium) was used.
A very clean sample is fundamental in all kinds of
microscopies to obtain high quality images. Particu-
larly in SPM techniques, it is important to avoid that
debris attach to the tip during scanning. This could
lead to the probe damaging and/or the formation of
topographical artifacts. In the case of spermatozoa, the
raw semen was processed and purified (washing steps)
to get a clean sperm solution free from agglomerated
proteins and other cell populations.
Semen preparation
Semen preparation was performed by Swim-up technique.
Such methodology allows obtaining both a spermatozoa
selection and a specimen purification. One or more ali-
quots of 0.5 ml of semen was washed with 1 ml of
medium (Quinn’s Advantage Medium w/HEPES, SAGE
BioPharma™, Bedminster, NJ, USA, supplemented with
0.5% human serum albumin, SAGE Assisted Reproduction
Products™, CooperSurgical, Trumbull, CT, USA) into a
5 ml Falcon conical tube (Becton Dickinson Labware,
Meylan, France) and then centrifuged at 300×g for 10 min.
The excess of supernatant was discarded and the pelletwas resuspended in 0.5 ml of medium. Then, 0.5 ml of
medium was gently layered on sperm suspension and the
tube was inclinated at an angle of 45° and incubated at
37°C for at least 45 min. The tube was gently set upright
and the upper interface was then gently aspirated with a
Pasteur pipette. A small aliquot was examined for sperm
concentration and sperm motility, the remaining part
used for the experiments.Sample preparation for SNOM imaging
For further sample cleaning, sperm was washed two times
with Dulbecco’s modified phosphate buffered saline (PBS)
(Sigma-Aldrich, USA) by centrifugation at 500×g for
5 min and resuspended in PBS (3 × 106 cell/ml). One
aliquot of the cell suspension was deposited on poly-L-
lysine coated coverslips (18 mm diameter) (Menzler-Gläser)
and incubated at 37°C, 5% CO2 atmosphere for 1 h to
improve the spermatozoa adherence to the substrate.
Cells were fixed with 4% paraformaldehyde (PFA) for
15 min at room temperature, washed three times in
PBS, two times in water, partially dehydrated (up to 70%
ethanol) and allowed to dry before SNOM imaging.SNOM set-up
Near-field measurements were performed by using a
TriA-SNOM microscope (A.P.E. Research, Trieste, Italy),
equipped with a flexure scanning stage with a maximum
xyz scan range of 100 μm × 100 μm ×10 μm, with a strain
gauge sensors to obtain an absolute positioning of the
probe. The TriA-SNOM setup was provided with inter-
changeable laser sources, coupled with a single mode
optical fibre. In this work a laser wavelength of 532 nm
was used. This laser source power is 20 mW, but after
coupling into the fiber, the radiation power emitted by
the aperture of SNOM tip is reduced to 2 μW- 20nW
on the sample depending on the aperture diameter and
shape of SNOM tip [58]. Beside topography images,
SNOM optical reflection and optical transmission
signals were simultaneously detected with two photo-
multipliers (R74000, Hamamatsu Photonics Italia S.r.l.,
Milano, Italy). For these measurements we used a nar-
row band-pass interference filter at 532 nm wavelength
(full width-half maximum = 10 ± 2 nm). SNOM probe
was an aluminum-coated tapered pulled optical fiber
with a nominal tip aperture of 50 nm (Lovalite, Troyes,
France). Two optical view systems were integrated
within the SNOM head to control the probe position
and select the scan area. An upper optical vision system
was used to monitor probe approach to the sample, and
one transmission camera (with interchangeable achro-
matic objectives) was utilized for a bottom view of the
sample. The SNOM images are acquired with: 256×256
pixel and 0.1-0.4 msec acquisition time for each point.
Andolfi et al. Journal of Nanobiotechnology  (2015) 13:2 Page 10 of 11SNOM images were processed by A.P.E. Research
SPM control software (A.P.E. Research, Trieste, Italy),
and analysed by Gwyddion (free software).
Additional file
Additional file 1: A scan area of head and midpiece region of
human sperm cell. (A) 3D SNOM topography, (B) SNOM reflection and
(C) transmission. (D) longitudinal profile along the head. Black arrows in
(B) indicate the ends of post-acrosomial part, while red arrows in (C)
indicate the ends of the bright layer partially surrounding the head and
that includes the acrosome. In (E) cross section profile along the white
line in (C) allows evaluating the width of this layer (266 nm).
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
LA performed SNOM imaging, image analysis and wrote the paper. BT and
SP participated in image analysis and data interpretation. ET and RB
prepared the samples. EG, SL, MM technically supported ET and RB in the
earlier stage of preparation. ET, RB, EG, SL, MM supplied information for
writing the final manuscript. MZ analyzed and interpreted the images. MZ
and GR contributed in work conception, design and paper writing. All
authors read and approved the final manuscript.
Acknowledgements
This work was supported by a grant from the Institute for Maternal and
Child Health IRCCS Burlo Garofolo, Trieste, Italy (RC 35/08). We are very
grateful to Giovanna Baldini and Roberta Bortul for technical support.
Permission
We acknowledge Piccin publisher for gentle permission to use and modify
picture shown in Figure 2A of this paper. The picture has been taken out
from textbook “Embriologia Umana” Morfogenesi - Processi molecolari -
Aspetti clinici di M. De Felici et al., ed. Piccin.
Author details
1IOM-CNR, Area Science Park, Basovizza, Trieste, Italy. 2Department of Life
Sciences University of Trieste, Trieste, Italy. 3A.P.E. Research Srl, AREA Science
Park, Basovizza, Trieste, Italy. 4Institute for Maternal and Child Health, IRCCS
Burlo Garofolo, Trieste, Italy. 5Department of Medicine, Surgery and Health
Sciences, University of Trieste, Italy.
Received: 25 July 2014 Accepted: 18 December 2014
References
1. Redmon JB, Thomas W, Ma W, Drobnis EZ, Sparks A, Wang C, et al. Semen
parameters in fertile US men: the study for future families. Study for future
families research group. Andrology. 2013;1:806–14.
2. Cooper TG, Noonan E, von Eckardstein S, Auger J, Baker HW, Behre HM,
et al. World Health Organization reference values for human semen
characteristics. Hum Reprod Update. 2010;16:231–45.
3. Mortimer D, Menkveld R. Sperm morphology assessment—historical
perspectives and current opinions. J Androl. 2001;22:192–205.
4. World Health Organization. WHO Laboratory Manual for the Examination
and Processing of Human Semen. 5th edn. Geneva; 2010.
5. Hamadaa A, Estevesb SC, Agarwala A. Unexplained male infertility: potential
causes and management. Human Andrology. 2011;1:2–16.
6. Rawe VY, Terada Y, Nakamura S, Chillik CF, Olmedo SB, Chemes HE. A
pathology of the sperm centriole responsible for defective sperm aster
formation, syngamy and cleavage. Hum Reprod. 2002;17:2344–9.
7. Chemes HE, Rawe VY. Sperm pathology: a step beyond descriptive
morphology. Origin, characterization and fertility potential of abnormal
sperm phenotypes in infertile men. Hum Reprod Update. 2003;9:405–28.
8. Yu JJ, Xu YM. Ultrastructural defects of acrosome in infertile men. Arch
Androl. 2004;50:405–9.9. Menkveld R, Holleboom CA, Rhemrev JP. Measurement and significance of
sperm morphology. Asian J Androl. 2011;13:59–68.
10. Chemes E, Sedo CA. Tales of the tail and sperm head aches changing
concepts on the prognostic significance of sperm pathologies affecting the
head, neck and tail. Asian J Androl. 2012;14:14–23.
11. Escalier D, Tourè A. Morphological defects of sperm flagellum implicated in
human male infertility. Sciences. 2012;28:503–11.
12. Cooper TG, Atkinson AD, Nieschlag E: Experience with external quality
control in spermatology. 1999, 14:765–769.
13. Bellastella G, Cooper TG, Battaglia M, Ströse A, Torres I, Hellenkemper B,
et al. Dimensions of human ejaculated spermatozoa in Papanicolaou-stained
seminal and swim-up smears obtained from the Integrated semen Analysis
System (ISAS). Asian J Androl. 2010;12:871–9.
14. Henkel R, Schreiber G, Sturmhoefel A, Hipler UC, Zermann DH, Menkveld R.
Comparison of three staining methods for the morphological evaluation of
human spermatozoa. Fertil Steril. 2008;89:449–55.
15. Maree L, du Plessis SS, Menkveld R, van der Horst G. Morphometric
dimensions of the human sperm head depend on the staining method
used. Human Reprod. 2010;25:1369–82.
16. Davis RO, Bain DE, Siemers RJ, Thal DM, Andrew JB, Gravance CG. Accuracy
and precision of the Cell Form-Human Automated sperm morphometry
instrument. Fertil Steril. 1992;58:763–9.
17. Kruger TF, DuToit TC, Franken DR, Acosta AA, Oehninger SC, Menkveld R,
et al. A new computerized method of reading sperm morphology (strict
criteria) is as efficient as technician reading. Fertil Steril. 1993;59:202–9.
18. Yániz JL, Capistrós S, Vicente-Fiel S, Soler C, Núñez de Murga M, Santolaria P.
Use of Relief Contrast(®) objective to improve sperm morphometric analysis
by Isas(®) casa system in the ram. Reprod Domest Anim. 2013;48:1019–24.
19. Yániz JL, Vicente-Fiel S, Capistrós S, Palacín I, Santolaria P. Automatic evaluation
of ram sperm morphometry. Theriogenology. 2012;77:1343–50.
20. Yániz JL, Capistrós S, Vicente-Fiel S, Soler C, Nuñez de Murga J, Santolaria P.
Study of nuclear and acrosomal sperm morphometry in ram using a
computer-assisted sperm morphometry analysis fluorescence (CASMA-F)
method. Theriogenology. 2014;82:921–4.
21. Soler C, Garcia-Molina A, Sancho M, Contell J, Nuñez M, Cooper TG: A new
technique for analysis of humen sperm morphology in unstained cells from
raw semen. Reprod Fertil Dev 2014.
22. Zamboni L. The ultrastructural pathology of the spermatozoon as a cause of
infertility: the role of electron microscopy in the evaluation of semen
quality. Fertil Steril. 1987;48:711–34.
23. Dadoune JP. Ultrastructural abnormalities of human spermatozoa. Hum
Reprod. 1988;3:311–8.
24. Courtade M, Lagorce C, Bujan L, Caratero C, Mieusset R. Clinical
characteristics and light and transmission electron microscopic sperm
defects of infertile men with persistent unexplained asthenozoospermia.
Fertil Steril. 1998;70:297–304.
25. Mobberley MA. Electron microscopy in the investigation of
asthenozoospermia. Br J Biomed Sci. 2010;67:92–100.
26. Joshi NV, Medina H, Colasante C, Osuna A. Ultrastructural investigation of
human sperm using atomic force microscopy. Arch Androl. 2000;44:51–7.
27. Ierardi V, Niccolini A, Alderighi M, Gazzano A, Martelli F, Solaro R. AFM
characterization of rabbit spermatozoa. Microsc Res Tech. 2008;71:529–35.
28. Kumar S, Chaudhury K, Sen P, Guha SK. Atomic force microscopy: a
powerful tool for high-resolution imaging of spermatozoa.
J Nanobiotechnol. 2005;3:1–6.
29. Joshi N, Medina H, Crúz I, Osuna J. Determination of the ultrastructural
pathology of human sperm by atomic force microscopy. Fertil Steril.
2001;75:961–5.
30. De Lange F, Cambi A, Huijbens R, de Bakker B, Rensen W, Garcia-Parajo M,
et al. Cell biology beyond the diffraction limit: near-field scanning optical
microscopy. J Cell Sci. 2001;114:4153–60.
31. Rasmussen A, Deckert V. New dimension in nano-imaging: breaking
through the diffraction limit with scanning near-field optical microscopy.
Anal Bioanal Chem. 2005;381:165–72.
32. Nakamura H, Sawada K, Kambe H, Saiki T, Sato T. Spatial resolution of
near-field scanning optical DOI:10.1143/PTPS.138.173#_blank microscopy
with sub-wavelength aperture. Prog Theor Phys Suppl. 2000;138:173–4.
33. Betzig E, Isaacson M, Lewis A. Collection mode near-field scanning optical
Microscopy. Appl Phys Lett. 1987;51:2088.
34. Pohl DW, Fischer UC, Durig U. Scanning near-field optical microscopy
(SNOM). J Microsc. 1988;152:853–61.
Andolfi et al. Journal of Nanobiotechnology  (2015) 13:2 Page 11 of 1135. Nagy P, Jenei A, Kirsch AK, Szöllosi J, Damjanovich S, Jovin TM. Activation-
dependent clustering of the erbB2 receptor tyrosine kinase detected by
scanning near-field optical microscopy. J Cell Sci. 1999;112:1733–41.
36. Lapin ZJ, Höppener C, Gelbard HA, Novotny L. Near-field quantification of
complement receptor 1 (CR1/CD35) protein clustering in human
erythrocytes. J Neuroimmune Pharmacol. 2012;7:539–43.
37. Ianoul A, Street M, Grant D, Pezacki J, Taylor RS, Johnston LJ. Near-field
scanning fluorescence microscopy study of ion channel clusters in cardiac
myocyte membranes. Biophys J. 2004;87:3525–35.
38. Qiao W, Shang G, Lei FH, Trussardi-Regnier A, Angiboust JF, Millot JM, et al.
Imaging of P-glycoprotein of H69/VP small-cell lung cancer lines by scanning
near-field optical microscopy and confocal laser microspectrofluorometer.
Ultramicroscopy. 2005;105:330–5.
39. Trevisan E, Fabbretti E, Medic N, Troian B, Prato S, Vita F, et al. Novel
approaches for scanning near-field optical microscopy imaging of
oligodendrocytes in culture. Neuroimage. 2010;49:517–24.
40. Andolfi L, Trevisan E, Zweyer M, Prato S, Troian B, Vita F, et al. The
crocidolite fibres interaction with human mesothelial cells as investigated
by combining electron microscopy, atomic force and scanning near-field
optical microscopy. J Microsc. 2013;249:173–83.
41. Zweyer M, Troian B, Spreafico V, Prato S. SNOM on cell thin sections:
observation of Jurkat and MDAMB453 cells. J Microsc. 2008;229:440–6.
42. Hausmann M, Liebe B, Perner B, Jerratsch M, Greulich K, Scherthan H.
Imaging of human meiotic chromosomes by scanning near-field optical
microscopy (SNOM). DOI:10.1016/S0968-4328(03)00021-0#_blank. Micron.
2003;34:441–7.
43. Yeung CH, Pérez-Sánchez F, Soler C, Poser D, Kliesch S, Cooper TG.
Maturation of human spermatozoa (from selected epididymides of prostatic
carcinoma patients) with respect to their morphology and ability to
undergo the acrosome reaction. Hum Reprod Update. 1997;3:205–13.
44. Cooper TG. Comment of the morphology of spermatozoa in air-dried
seminal smears. Int J Andr. 2012;35:105–6.
45. Gergely A, Kovanci E, Senturk L, Cosmi E, Vigue L, Huszar G. Morphometric
assessment of mature and diminished-maturity human spermatozoa: sperm
regions that reflect differences in maturity. Human Reprod. 1999;14:2007–14.
46. Mossman JA, Pearson JT, Moore HD, Pacey AA. Variation in mean human
sperm length is linked with semen characteristics. Human Reprod.
2013;28:22–32.
47. Iglesias I, Vargas-Martin F. Quantitative phase microscopy of transparent
samples using a liquid crystal display. J Biomed Opt. 2013;18:26015.
48. Dirican EK, Isik A, Vicdan K, Sozen E, Suludere Z. Clinical pregnancies and
livebirths achieved by intracytoplasmic injection of round
headedacrosomeless spermatozoa with and without oocyte activation in
familial globozoospermia: case report. Asian J Androl. 2008;10:332–4.
49. Harbuz R, Zouari R, Pierre V, Ben Khelifa M, Kharouf M, Coutton C, et al. A
recurrent deletion of DPY19L2 causes infertility in man by blocking sperm
head elongation and acrosome formation. Am J Hum Genet.
2011;88:351–61.
50. Folgerø T, Bertheussen K, Lindal S, Torbergsen T. Mitochondrial disease and
reduced sperm motility. Hum Reprod. 1993;8:1863–8.
51. Chemes HE, Olmedo SB, Carrere C, Oses R, Carizza C, Leisner M, et al.
Ultrastructural pathology of the sperm flagellum: association between
flagellar pathology and fertility prognosis in severely asthenozoospermic
men. Hum Reprod. 1998;13:2521–6.
52. Chemes HE. Phenotypes of sperm pathology: genetic and acquired forms in
infertile men. J Androl. 2000;21:799–808.
53. Collodel G, Federico MG, Pascarelli NA, Geminiani M, Renieri T, Moretti E. A
case of severe asthenozoospermia: a novel sperm tail defect of possible
genetic origin identified by electron microscopy and immunocytochemistry.
Fertil Steril. 2011;95:289.e11–6.
54. Moretti E, Geminiani M, Terzuoli G, Renieri T, Pascarelli N, Collodel G. Two
cases of sperm immotility: a mosaic of flagellar alterations related to
dysplasia of the fibrous sheath and abnormalities of head-neck attachment.
Fertil Steril. 2011;95:1787.e19–23.
55. Kumar S, Chaudhury K, Sen P, Guha SK. Topological alterations in human
spermatozoa associated with the polyelectrolytic effect of RISUG. Micron.
2006;37:526–32.56. Kumar S, Chaundhury K, Sen P, Guha SK. Quantitative analysis of surface
micro-roughness alterations in human spermatozoa using atomic force
microscopy. J Microsc. 2007;227:118–23.
57. Kumar S, Roy S, Chaudhury K, Sen P, Guha SK. Study of the micro-structural
properties of RISUG—a newly developed male contraceptive. J Biomed
Mater Res B Appl Biomater. 2008;86:154–61.
58. Saiki T, Narita Y. Recent Advances in Near-field Scanning Optical Microscopy.
JSAP Int. 2002;5:22–9.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
